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Abstract 9 
Thermochemical energy storage (TCES) is considered a promising technology to overcome the 10 
issues of intermittent energy generation in Concentrated Solar Power (CSP) plants and couple 11 
them with yearly electricity demand. The development of this technology could favor the 12 
commercial deployment of CSP, which is considered as a key factor for new challenges in 13 
reducing GHG emissions. Among other possibilities, using the calcium looping (CaL) process for 14 
TCES is an interesting choice mainly due to the low cost of natural CaO precursors such as 15 
limestone (below $10/ton) and the high energy density that can be achieved (around 3.2 GJ/m3). 16 
This manuscript explores several configurations in order to maximize the performance of the 17 
CSP-CaL integration, focusing on power cycle integration in the carbonator zone. For this 18 
purpose, firstly, a discussion about the possibility of using open and closed power cycles is 19 
carried out, which leads to the conclusion that a CO2 closed cycle is more appropriate. Then, a 20 
closed regenerative CO2 Brayton cycle is analyzed in further detail and optimized by means of 21 
the pinch-analysis methodology. A main output is that high plant efficiencies (of about 45%) can 22 
be achieved using a simple closed CO2 Brayton power cycle. The optimized integration layout 23 
shows good performances at carbonator to turbine outlet pressure ratios around 3, thus 24 
allowing for a feasible integration of the power cycle in the CaL-TCES system.  25 
 26 
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 29 
1. Introduction 30 
The commercial expansion of renewable energy technologies is an urgent need to limit global 31 
warming to “well below” 2.0°C by 2100 and pursue 1.5°C above pre-industrial levels as agreed 32 
at Paris COP21 Conference [1]. Among renewable energy technologies, concentrated solar 33 
power (CSP) has a great potential for commercial expansion [2]. However, for renewable 34 
energies to achieve full autonomy from fossil fuels and to increase their feasibility a main hurdle 35 
to overcome is their inherent variability in production. Thus, efficient and low cost energy 36 
storage stands as the major technological challenge to mitigate global warming [3–5]. Moreover, 37 
large-scale energy storage is essential for a global system with high penetration of solar energy 38 
in order to increase the electric grid flexibility and avoid risks derived from transient peaks [6].  39 
In recent years, a number of potential technologies have been proposed to store thermal energy 40 
in CSP plants. These are based upon three main concepts: sensible thermal energy storage (TES), 41 
latent heat storage and thermochemical energy storage (TCES)  [7,8]. Sensible heat storage 42 
systems are the most mature technologies [9] and involve the use of various materials with high 43 
heat capacity such as water [7], molten salts [10–13], mineral oils [14] or ceramic materials [15]. 44 
A number of commercial CSP plants do already exist or are under construction [16] wherein heat 45 
is stored in molten salts and used to generate electricity overnight. Another type of storage 46 
system  currently at the pilot scale level makes use of the latent heat associated with the phase 47 
change in some materials [17–20].  Phase change materials (PCM) allow attaining higher storage 48 
capacities as compared to sensible heat storage [9,21]. A third possibility consists in 49 
thermochemical energy storage (TCES), which is being increasingly investigated [22–25]. TCES 50 
basically consists of using the heat obtained from an external source such as CSP to drive an 51 
endothermic chemical reaction. When energy is needed the stored products from the reaction 52 
are brought together at the necessary conditions for the reverse exothermic reaction to occur. 53 
This releases the previously used heat for power production. The main advantages of TCES as 54 
compared to TES are a considerably higher energy density as well as the possibility of storing 55 
energy in the long term or transport it without significant losses [22,26]. Moreover, the sensible 56 
heat stored in the reaction products is also usable in addition to the chemically stored heat. 57 
An appropriate reversible reaction is necessary in order to achieve an efficient and cost-effective 58 
TCES [27]. One of the most promising systems for the development of TCES at large scale is the 59 
Calcium Looping (CaL) process, which relies on the carbonation-calcination reaction of CaO (Eq. 60 
(1)) [28–31]. The CaL process begins with the decomposition of a bed of CaCO3 particulate solids 61 
in a calcination reactor (calciner) yielding CaO and CO2 as products. Once the sensible heat from 62 
the calciner outlet streams (CaO, with a similar heat capacity to molten salts, and CO2 streams) 63 
is recovered, the products are stored. Storage conditions and time are flexible and could be 64 
accommodated to the energy demand [26]. When needed, the CaO and CO2 products would be 65 
circulated into a carbonator reactor, where energy is obtained from the carbonation reaction: 66 
CaO(s) + CO2(g)  ⇄ CaCO3(s)    Hr
0 = -178 kJ/mol (1) 
The CaL process has been extensively investigated as a potentially low energy penalty alternative 67 
to the use of the commercial amine based technology for CO2 capture  [32–35].The main 68 
drawback is that CaO shows indeed a marked deactivation at the specific conditions of the CaL 69 
process for CO2 capture, which necessary involve regeneration of CaO by calcination at high 70 
temperature (around 950°C) under high CO2 partial pressure and carbonation under relatively 71 
low CO2 partial pressure [33,36,37]. Nevertheless, thermodynamic conditions to achieve high 72 
TCES global efficiency in the CaL process are radically different than that for CO2 capture. The 73 
former involves carbonation at high CO2 partial pressure at high temperature whereas 74 
calcination can be carried out at low CO2 concentration and therefore relatively low 75 
temperatures. According to recently published thermogravimetric analysis (TGA) tests [38], the 76 
residual conversion exhibited by CaO derived from calcination of natural limestone can be as 77 
high as 𝑋𝑟 = 0.5 under these CSP conditions in contrast with the very small values obtained for 78 
post-combustion CO2 capture conditions (𝑋𝑟 = 0.08). Thus, the use of expensive Ca-based 79 
composites that might hinder the short-term commercial development of CSP would not be 80 
necessary. A main goal of the present manuscript is to analyze the CaL conditions for an 81 
optimum performance of the CSP-CaL integration.    82 
Integration of the CaL process and CSP has been previously analyzed by other authors under 83 
considering several schemes. Tregambi et al. [39] proposed a configuration whereby CaCO3 84 
calcination is assisted by CSP in order to lower the energy penalty associated to CO2 capture in 85 
a coal fired power plant by means of the CaL process. Zhai et al. [40] analyzed several schemes 86 
in which CSP served to recover energy in the CO2 capture system, although the contribution of 87 
CSP to the system is lower than 10%.   On the other hand, Edwards et al. [30] studied a CSP-CaL 88 
integration in which the heat produced in the carbonator reactor is used for power generation 89 
through a CO2/air open cycle albeit with a limited efficiency critically affected by CaO conversion. 90 
Muñoz-Anton et al. [41] analyzed the integration of a close to critical regenerative CO2 Brayton 91 
cycle over a CSP power plant without storage, to achieve a higher cycle efficiency. A higher 92 
efficiency CSP-CaL integration was proposed by Chacartegui et al. [24] in which power 93 
generation was carried out by means of a closed CO2 power cycle. 94 
In this work, a deep analysis of the CSP-CaL-power system integration is carried out.  Departing 95 
from an open loop configuration, several layouts are explored and compared in order to improve 96 
the power system integration within the thermochemical storage system. The coupling of the 97 
CaL process with a closed CO2 power system is analyzed in detail to look for an optimal 98 
configuration. Full integration is investigated through application of pinch-analysis. Results 99 
demonstrate that a global efficiency above 45% may be attained at CaL conditions that favor a 100 
stable and high value of the multicycle conversion of CaO derived from natural limestone, which 101 
makes the proposed integration model a highly competitive option for TCES.  102 
 103 
2. CSP-CaL system for thermochemical energy storage 104 
Figure 1 shows a conceptual approach of the CSP-CaL integration for thermochemical energy 105 
storage. The cycle begins with the CaCO3 decomposition reaction (calcination), which is 106 
performed at high temperature from solar heat radiation. According to equilibrium conditions 107 
[42] and reaction kinetics, high temperatures are necessary when operating under high CO2 108 
partial pressure (above 900°C) for sufficiently fast reaction and achieve completion in short 109 
residence time [43–45]. Nevertheless, the use of superheated steam in the calciner environment 110 
allows to decrease the calcination temperature down to 700-750°C (as pointed out above) 111 
whereas the mixture H2O/CO2 flowing out from the calciner reactor would be easily separable. 112 
Among the CSP power technologies, solar tower systems result the most appropriate for this 113 
purpose according to the temperature requirements. Small prototypes of solar calciner have 114 
been already developed based on fluidized beds [46,47], rotary kilns [48,49] and cyclone 115 
atmospheric reactors [50]. 116 
 117 
Figure 1: Conceptual CSP-CaL integration for thermochemical energy storage 118 
As seen in Figure 1, the CO2 released after calcination is sent to a storage tank after being cooled 119 
down and compressed, whereas the CaO stream is circulated to a solids storage reservoir after 120 
being brought to ambient conditions. The solid stream entering the calciner, composed by CaCO3 121 
and unreacted CaO, is preheated through a heat exchanger network where the sensible heat of 122 
the hot streams leaving the calciner is used.  123 
The energy release stage occurs in the carbonator zone, where the heat of the carbonation 124 
reaction is delivered at high temperature (650-1000ºC as a function of carbonation conditions) 125 
to a power cycle by means of a stream carrier. Limestone derived CaO usually shows a marked 126 
deactivation at the specific conditions of the CaL process for post-combustion CO2 capture 127 
although, as said above, the behavior could be considerably different operating under conditions 128 
that would maximize the efficiency of the present integration [38]. Solids exiting the carbonator 129 
are passed through a heat exchanger network to preheat CaO and CO2 streams circulating 130 
toward the carbonator. The CO2 stream exiting the storage is expanded to a selected carbonator 131 
pressure lower than the storage pressure, which allows the use of commercial fluidized bed 132 
technology.  As can be seen in ¡Error! No se encuentra el origen de la referencia., compression-133 
expansion process of CO2 before and after than storage resembles a compressed air energy 134 
storage (CAES) system [8,51]. Thus, the integration incorporates energy storage not just in 135 
chemical form but also as sensible heat and mechanical energy through CO2 compression. 136 
Regarding the integration of the power cycle in the carbonator zone, previous works have 137 
proposed the use of an air stream as heat transfer fluid in an open Brayton cycle (Figure 2) [30]. 138 
According to this scheme, the CO2 stream entering into the carbonator is assumed to react 139 
completely with the CaO solids to produce CaCO3. Thus, it is assumed that pure air stream exits the 140 
carbonator to enter the gas turbine for power production in an open Brayton cycle. The outflowing 141 
air from the turbine passes through a heat exchanger network, releasing sensible heat further used 142 
to preheat the solids directed into the carbonator. However, reaction equilibrium poses a 143 
fundamental limitation to this scheme since the reaction will reach equilibrium and carbonation will 144 
stop as soon as the CO2 partial pressure in the carbonator reactor is decreased to the equilibrium 145 
partial pressure as depending on the carbonator temperature. Thus, the effluent gas from the 146 
carbonator to be sent to exhaust cannot be free of CO2. 147 
 148 
Figure 2: Air/CO2 open cycle integration in the carbonator zone. Originally proposed by Edwards et al. [30] 149 
 150 
 151 
The equilibrium molar fraction of CO2 in the carbonator 𝑦𝑒𝑞 is given by Eq. (2)   152 
𝑦𝑒𝑞 =
𝑃𝑒𝑞
𝑃
=
[4.137 107 exp (−
20474
𝑇 + 273)]
𝑃
 
 
(2) 
where 𝑃𝑒𝑞 (bar) is the  CO2 partial pressure at equilibrium [42] and 𝑃 (bar), 𝑇 (ºC) are the 153 
carbonator pressure and temperature.  154 
 155 
Figure 3: Minimum CO2 concentration (% v/v) exiting the carbonator as a function of carbonator pressure P 156 
and temperature T for a CO2 concentration at carbonator inlet of 15 %v/v 157 
 158 
Thus, when a 15% v/v CO2 stream is introduced into a carbonator at atmospheric pressure (P=1 159 
bar) and T=650ºC, the minimum CO2 concentration in the gas stream exiting the carbonator is 160 
around 1% ( 161 
Figure 3a).  As can be seen in  162 
Figure 3b, if the carbonator temperature is increased to 850ºC to enhance the thermoelectric 163 
efficiency a minimum carbonator pressure higher than 4 bar is required for carbonation. This 164 
becomes even much higher (P=50 bar) if the concentration of CO2 in the flue gas is reduced 165 
below 1%.  Moreover, the theoretical maximum of carbonation efficiency is hardly achievable in 166 
practice since it would require ideal mass and heat transfer in the gas-solid reaction.  Therefore, 167 
the open Brayton cycle does not guarantee a CO2 emission free CSP-CaL integration. 168 
A possible solution to avoid the inconveniences of an open Brayton cycle is to use a closed CO2 169 
Brayton cycle [24]. In this configuration, solids in the carbonator (CaO) are fluidized by a pure 170 
CO2 gas flow with a molar rate well above the stoichiometric value. The CO2 fraction not 171 
participating in the reaction is employed to remove heat from the carbonation and is delivered 172 
to a gas turbine for the power cycle. In the next section an energy optimized process leading to 173 
a global CSP-CaL integration efficiency above 43% with high feasibility index is described in 174 
detail. 175 
 176 
 177 
3. CSP-CaL integration model 178 
This section shows the global integration model and the process design to transform an air-open 179 
power cycle (Figure 2) to a closed-CO2 power cycle as a first step for optimizing the CSP-CaL 180 
integration. Optimal CSP-CaL integration in our work starts from the heat exchanger network 181 
proposed in [30] with the necessary adaptations derived from the use of a CO2 closed Brayton 182 
cycle in the carbonator side. Figure 4 shows a first possible approach for the proposed 183 
integration in which the new equipment needed for the closed cycle is marked by the shaded 184 
area. As can be seen, solids entering into the calciner are preheated using the sensible heat 185 
released by the hot streams leaving this reactor in a gas-solid heat exchanger (HXB in Figure 4) 186 
and in a solid-solid heat exchanger (HXA). The CO2 power cycle is a closed and regenerative cycle 187 
in which the heat removed by the reactants in the carbonator is recovered in a solid-gas heat 188 
exchanger (HXF).  On the other hand, the residual heat from the solids at the carbonator output 189 
is extracted to pre-heat the CO2 stream entering the carbonator by means of another gas-solid 190 
heat exchanger (HXE). Solids can be conveyed by means of the mature pneumatic technology, 191 
which energy consumption is about 3-5 MJ ton-1/100 m [52]. 192 
As detailed in Figure 4, part of the power needed in the compression stage of the Brayton cycle 193 
is provided by the expansion of the pressurized CO2 coming from the storage vessel. The 194 
expansion of CO2 yields useful work while, at the same time, releases very low temperature 195 
heat (up to -30°C to be spent for CO2 intercooling compression of the stream coming from 196 
carbonator).  197 
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 198 
Figure 4: Preliminary plant diagram using a CO2 closed loop (layout 1). Stream main data are shown in Appendix A199 
3.1 Mass and energy balances 200 
In this section the main aspects of the CSP-CaL integration model are described, concerning mass 201 
and energy balances in the heat exchangers, reservoirs and reactors. ¡Error! No se encuentra el 202 
origen de la referencia. shows the mass flow scheme in the CaL process. The solids stream 203 
(CaO/CaCO3 mixture) entering into the carbonator (flow rate 𝐹𝑅,𝑐𝑙𝑐) reacts with the CO2 stream 204 
coming from calciner side. Due to the possible loss of CaO reactivity with the number of cycles 205 
and depending on residence times and mass/heat transfer conditions, only a part of the solids 206 
is assumed to react (𝐹𝐶𝑎𝑂,𝑐𝑟𝑏) to produce CaCO3. Thus, the solids at the carbonator outlet (𝐹𝑅,𝑐𝑟𝑏) 207 
consist of the CaCO3 produced by carbonation (𝐹𝐶𝑎𝐶𝑂3) and the unreacted CaO (𝐹𝐶𝑎𝑂,𝑛𝑟,𝑐𝑟𝑏). The 208 
stream 𝐹ℎ𝑒𝑎𝑡 is the CO2 molar flow used to remove the heat of reaction from the carbonation 209 
environment and to perform the power cycle for generation of electricity, which is in this 210 
proposed cycle a 100% CO2 stream. The carbonated particles are assumed to attain complete 211 
decomposition in the calciner. Thus, each mole of CaCO3 gives rise to a mole of CO2 and a mole 212 
of regenerated CaO (𝐹𝐶𝑎𝑂,𝑐𝑙𝑐). The calciner solids output will therefore consist of CaO (partially 213 
regenerated CaO and partially unreacted CaO) at a flow rate 𝐹𝑅,𝑐𝑙𝑐. 214 
 215 
Figure 5: Mass-balance schematics of the plant. 216 
 217 
The storage vessels must be sized to allow for a buffer storage that enables the 218 
carbonator/turbine group running over 24h by an adequate load adjustment. In order to 219 
guarantee 24h steady-state operation, the mass-balance equation that must be satisfied is: 220 
∫ 𝐹𝐶𝑎𝐶𝑂3,𝑐𝑙𝑐(𝑡) 𝑑𝑡
24ℎ
= ∫ 𝐹𝐶𝑎𝐶𝑂3,𝑐𝑟𝑏(𝑡) 𝑑𝑡
24ℎ
 (3) 
 221 
Plant performance is determined as an average over the 24 hours period and the molar flow 222 
rates are assumed constant and equal to the integral average value over the daytime curve. 223 
Accordingly, an average daytime period ∆𝑡𝑠𝑢𝑛 is considered during which the sun-solar 224 
concentrators system is able to provide sufficient energy for the decomposition reaction to be 225 
fully achieved in the calciner.. In this way, it is possible to derive an averaged ratio between the 226 
circulating flow rates in the calciner and carbonator side of the plant. For a daytime of 8h 227 
(assuming clear skies), the average ratio over the 24 hours between the circulating flow rates of 228 
the streams in the calciner and in the carbonator over the 24 hours will be equal 3, while in case 229 
the daytime is 12h, the flow rates through the calciner will be twice that through the carbonator. 230 
More sophisticated control strategies should be actuated within a framework of long-period 231 
control to ensure steady operation over periods larger than 24h. This control should be based 232 
on the meteorological forecasts and according to the power load curve. 233 
On the other hand, energy balances of the calciner and carbonator are shown in Figure 6. The 234 
energy and mass balances in the carbonator and calciner reactors can be expressed as: 235 
 ∑ 𝐹𝑖,𝑜𝑢𝑡ℎ𝑖,𝑜𝑢𝑡𝑖 − ∑ 𝐹𝑖,𝑖𝑛ℎ𝑖,𝑖𝑛𝑖 = Φ − ?̇? 
(4) 
𝐹𝑖,𝑜𝑢𝑡 − 𝐹𝑖,𝑖𝑛 = 𝜉𝜈𝑖 (5) 
 236 
where 𝐹𝑖 is the molar flow and ℎ𝑖 is the molar enthalpy of component 𝑖. Φ and ?̇? represent 237 
respectively the thermal and mechanical power interchange between the system and its 238 
surroundings. 𝜉 is the reaction rate of the considered equilibrium reaction and 𝜈𝑖  is the 239 
stoichiometric coefficient of compound 𝑖. 240 
Considering the outlet flows in the same conditions of the reactor, eqs. (4) and (5) can be 241 
rearranged as: 242 
𝜉∆𝐻𝑅(𝑇𝑟𝑒𝑎𝑐𝑡) + ∑ 𝐹𝑖,𝑖𝑛
𝑖
(ℎ𝑖,𝑟𝑒𝑎𝑐𝑡 − ℎ𝑖,𝑖𝑛) = Φ − ?̇? 
(6) 
where  ∆𝐻𝑅(𝑇𝑟𝑒𝑎𝑐𝑡) is the reaction enthalpy change at the reaction temperature. 243 
∆𝐻𝑅(𝑇𝑟𝑒𝑎𝑐𝑡) = ∑ 𝜈𝑖ℎ𝑖,𝑇
𝑖
= ∆𝐻𝑅
0 + ∑ 𝜈𝑖 ∫ 𝑐𝑝,𝑖𝑑𝑇
𝑇
𝑟𝑒𝑓𝑖
 
(7) 
 244 
Energy change in the control volume consists therefore of the part associated to the heat of 245 
reaction at reactor temperature (𝜉∆𝐻𝑅(𝑇𝑟𝑒𝑎𝑐𝑡)) and the heat required to bring reactants from 246 
inlet to reactor condition (∑ 𝐹𝑖,𝑖𝑛𝑖 (ℎ𝑖,𝑟𝑒𝑎𝑐𝑡 − ℎ𝑖,𝑖𝑛)).  247 
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 251 
Figure 6: Energy balance in the calciner (top) and carbonator (bottom) reactors. 252 
 253 
Assuming reactor isothermal conditions, Eq. (6) applied to the carbonator serves to balance out 254 
the amount of CO2 needed to remove the heat which is not absorbed by reactants or dispersed 255 
through the walls. On the other hand, Eq. (6) applied to the calciner yields the CaCO3 256 
decomposition in accordance to the net energy input into the system given by the balance of 257 
solar heat supply and energy loss occurring between the sun and the reactor (due to undesirable 258 
heat transfer, radiation, absorption losses or reflection effects).  259 
The carbonator, which is a pressurized fluidized bed wherein the carbonation reaction takes 260 
place at high temperature. Pressurized carbonation is desirable for the power-cycle direct 261 
integration and allows carbonation at high temperatures and at a fast rate  [53].  The solids in 262 
the carbonator (CaO) are fluidized by a pure CO2 gas flow. Thus, the molar flow rate of CO2 263 
flowing into the carbonator is well above the stoichiometric need. The CO2 fraction which does 264 
not intervene in the reaction is used to remove heat from carbonation and deliver it to the gas 265 
turbine. Let us define a parameter 𝐸 to quantify the fraction of CO2 spent in the reaction (Eq. 266 
(8)), so that the non-reacting fraction of CO2 is just re-circulating in the loop:  267 
 268 
𝐸 =
𝑚𝑜𝑙 𝐶𝑂2 𝑟𝑒𝑎𝑐𝑡𝑒𝑑
𝑚𝑜𝑙 𝐶𝑂2𝑖𝑛
= 1 −
𝐹𝐶𝑂2,𝑜𝑢𝑡
𝐹𝐶𝑂2,𝑖𝑛
= 1 −
𝐹𝐶𝑂2,𝑝𝑜𝑤𝑒𝑟 𝑐𝑦𝑐𝑙𝑒 + 𝐹𝐶𝑂2,𝑛𝑟
𝐹𝐶𝑂2,𝑝𝑜𝑤𝑒𝑟 𝑐𝑦𝑐𝑙𝑒 + 𝐹𝐶𝑂2,𝑠𝑡𝑜𝑖𝑐ℎ
 
(8) 
 
 269 
Here 𝐹𝐶𝑂2,𝑛𝑟 is the non-reacting portion of the 𝐹𝐶𝑂2,𝑠𝑡𝑜𝑖𝑐ℎ stoichiometric moles of CO2 needed 270 
for the reaction. The CO2 cycle is a closed and regenerative cycle, where the heat removed by 271 
reactants in the carbonator is recovered in an indirect gas-solid heat exchanger, HXF (see Figure 272 
4). This avoids the direct contact between CO2 and CaO streams, which could lead to a partial 273 
carbonation reaction with a possible poor utilization of the reaction heat.  In the heat exchanger 274 
HXF, heat from the exhaust CO2 stream is used to heat up the solids before entering the 275 
carbonator, while in the heat exchanger HXE (see Figure 4) the residual heat from the solids 276 
leaving the carbonator is used to pre-heat the CO2 at the carbonator inlet. Part of the power 277 
needed in the compression stage of the CO2 Joule-Brayton cycle is provided from the expansion 278 
of the pressurized CO2 needed to run the reaction in the carbonator. Expansion in the gas turbine 279 
finally supplies the useful power of the cycle. CO2 expansion from storage also provides some 280 
usable work, and at the same time releases useful energy at very low temperature (up to -30°C), 281 
which can be employed for the CO2 intercooling compression of the stream coming from 282 
carbonator. For this reason, C and T (see Figure 4) are thermally coupled to avoid the use of 283 
massive air cooling devices (and to further reduce costs). 284 
 285 
3.2 Layout 1 simulation 286 
The schematic proposed in Figure 4 was simulated in order to calculate the cycle efficiency with 287 
energy storage, which is defined by the following expression:  288 
𝜂 =
∫ ?̇?𝑛𝑒𝑡 24ℎ
∫ ?̇?𝑖𝑛𝑝𝑢𝑡 24ℎ
 (9) 
 
where ?̇?𝑛𝑒𝑡 is the net power produced in the global cycle and ?̇?𝑖𝑛𝑝𝑢𝑡 is the CSP input in the 289 
calciner. 290 
The values of the operation parameters used for this purpose are summarized in  291 
 292 
 293 
 294 
 295 
 296 
 297 
Table 1. The cycle performance is analyzed as a function of four key parameters for cycle 298 
efficiency, namely CaO conversion 𝑋 (defined as the ratio of CaO mass converted to CaCO3 to 299 
the CaO mass entering the carbonator), the carbonator temperature 𝑇𝑐𝑎𝑟𝑏, the carbonator 300 
pressure 𝑝𝑐𝑎𝑟𝑏 and the CO2 main turbine outlet pressure 𝑝𝑜𝑢𝑡,𝑡𝑢𝑟𝑏𝑖𝑛𝑒. 301 
 302 
 303 
 304 
 305 
 306 
 307 
 308 
Table 1: Fixed model conditions in CO2 closed power cycle configuration 309 
Net absorbed solar flux in calciner 100 MW 
Thermal dispersions in carbonator 10 % 
Calciner temperature 900 °C 
Ambient temperature 20 °C 
CaO conversion (X) 0.20   
Carbonator temperature (𝑇𝑐𝑎𝑟𝑏) 875 °C 
Carbonator pressure (𝑝𝑐𝑎𝑟𝑏) 6 bar 
Turbine outlet pressure (𝑝𝑜𝑢𝑡,𝑡𝑢𝑟𝑏𝑖𝑛𝑒) 0.2 bar 
Approach temperature solid-solid HX 20 °C 
Approach temperature solid-gas HX 15 °C 
Approach temperature CO2 cooler 10 °C 
Intercoolings in CO2 storage compression 5   
Intercoolings in CO2 cycle compression 4   
CO2 storage conditions 75 bar, T ambient 
Solid phase conveying energy consumption 10 MJ/ton/100 m 
Equivalent length for solids conveying (carbonator 
side) 
100 m 
Equivalent length for solids conveying (calciner side) 100 m 
Daylight hours (constant solar flux) 12h   
Isentropic efficiencies (compression/expansion) 0.89   
 310 
A key parameter for the cycle performance is the carbonator temperature 𝑇𝑐𝑎𝑟𝑏. The 311 
temperature at which carbonation is carried out is the heat-release temperature of the storage 312 
system to the power cycle. When the combination of temperature and CO2 partial pressure 313 
yields an equilibrium molar fraction of CO2 equal to the inlet molar fraction, carbonation is not 314 
possible anymore (𝐹𝐶𝑂2,𝑛𝑟 = 𝐹𝐶𝑂2,𝑠𝑡𝑜𝑖𝑐ℎ). Thus, increasing the carbonator pressure allows 315 
shifting the carbonation temperature to higher values (see Eq. 2). For example, carbonator 316 
temperatures of 950-975°C are potentially achievable in the case of carbonation under pure CO2 317 
at a pressure of 7 bar and 1025-1050°C would be achievable in case of 15 bar.  318 
 319 
The results obtained for the global plant efficiency are plotted in Figure 7 as a function of the 320 
carbonator temperature and for two fixed values of CaO conversion (𝑋=0.2 and 0.5). As can be 321 
seen, the plant efficiency would be hampered by a CaO conversion higher than 0.2. However, a 322 
high CaO conversion should help one increasing the cycle performance since a minor fraction of 323 
unreacted CaO would be present in the circulating stream of solids, therefore allowing for a 324 
reduction of the energy penalty. This suggests that the performance of the CSP-CaL integration 325 
could be improved by optimizing the heat recovery exchanger network as will be discussed in 326 
the next sections. 327 
 328 
 329 
Figure 7: Efficiency vs carbonator temperature (PR=30) calculated for fixed values of CaO conversion X=0.20 330 
and X=0.50 (solid lines). Dashed lines show efficiency calculated without including energy consumption for solid 331 
conveying. Temperature limits due to equilibrium constrains are marked for carbonator pressures of 7 bar and 332 
15 bar. 333 
Another critical parameter for the system performance is the pressure ratio in the main turbine, 334 
defined as 𝑃𝑅 = 𝑝𝑐𝑎𝑟𝑏/𝑝𝑜𝑢𝑡,𝑡𝑢𝑟𝑏𝑖𝑛𝑒 . On the other hand, the global cycle efficiency has a 335 
dependence also on the absolute carbonator and turbine outlet pressures.  Figure 8 shows a 336 
contour plot of the system efficiency as a function of both carbonator pressure and turbine 337 
outlet pressure, which serves to infer the optimum pressure choice. In layout 1, CaO conversion 338 
(𝑋) has been fixed to 0.2 which gives a close to maximum cycle efficiency.  339 
 340 
Figure 8: Efficiency as a function of carbonator and turbine outlet pressure calculated for a fixed value of CaO 341 
conversion X=0.20. Dashed white lines indicate iso-efficiency cycle values. 342 
As shown in Figure 8, the maximum efficiency occurs at pressure ratios around 40-50. However, 343 
it is important to note that for pressure ratios over 30 the efficiency does not change 344 
considerably. From pressure ratios of 30 up to 70, efficiency increases less than 0.5%. Since such 345 
high values of pressure ratios are difficult to achieve in practice, a pressure ratio of 30 represents 346 
a good trade-off. 347 
Figure 8 shows that higher efficiency can be achieved by decreasing the turbine outlet pressure. 348 
There are at least two reasons for which expansion to under-atmospheric pressures should be 349 
taken into consideration: i) If the turbine outlet pressure is atmospheric, the optimum pressure 350 
occurs at too high values (around 30 bar) currently unpractical from the pressurized carbonator 351 
technology; ii) Efficiency increases markedly with decreasing the turbine outlet pressure, mainly 352 
thanks to the higher power generated by decompressing the stored CO2. When the turbine 353 
outlet pressure is around 0.1 bar, for instance, efficiency is almost 1% higher than when outlet 354 
pressure is 0.3 bar. Over-expanding up to under-atmospheric pressures is not a problem in itself 355 
although it must be taken into account that too strong vacuums are difficult to manage from the 356 
practical point of view and may lead to increased pipelines volume. 357 
As a summary, the analysis of layout 1 shows that:  358 
 359 
- The best performances are achieved for pressure ratios in the range 40-50 (if 360 
intercooling is performed during compression of the power fluid). Nevertheless, 361 
pressure ratios over 30 do not enhance efficiency beyond 0.1-0.2%, thus a good trade-362 
off is to keep the pressure ratio around 30. 363 
- Such high optimum values of the pressure ratio suggest the necessity of over-expanding 364 
up to a pressure below atmospheric. Over-expansion also results in better performances 365 
(higher efficiency). 366 
- On the other side, the higher the carbonator pressure the higher carbonator 367 
temperatures may be, which yields a higher efficiency. 368 
- In this configuration (layout 1), global efficiency is hampered by an increase of CaO 369 
conversion due to a non-optimized heat integration as shown in next sections.   370 
 371 
4. Improving the heat exchange recovery in the power production stage to optimize the 372 
CSP-CaL-power cycle integration performance. 373 
Figure 9 shows a first modification of layout 1 (Figure 4) oriented towards improving the heat 374 
exchange recovery in order to enhance the system performance through increase of CaO 375 
conversion. With respect to the preliminary configuration, a CO2 regenerator (HXG) is 376 
incorporated in the heat exchanger train in order to heat up a fraction of the gas stream entering 377 
the HXE exchanger (and then in the carbonator) using the sensible heat of a portion of the CO2 378 
turbine output flow. The two CO2 streams, which are separately conditioned through heat 379 
exchangers HXF and HXG, are rejoined to evolve in the closed loop power-cycle. By regulating 380 
the CO2 split ratios (i.e. the fractions of the CO2 stream respectively sent to HXG and HXF), the 381 
internal overall heat exchange can be optimized. Thus, layout 2 offers a wider range of regulating 382 
possibilities for efficiency rise. As shown in Figure 10, Layout 2 shows higher performances as 383 
CaO conversion is increased. The additional CO2 storage vessel (CO2 inventory storage) is 384 
included in the scheme as an inventory control strategy for the gas turbine. Since mass flow rate 385 
is one of the parameters that determines the power output of the CO2 closed-cycle (along with 386 
the compressor inlet temperature, turbomachinery efficiencies and the pressure ratio) [54], 387 
power generation can be controlled in the CSP-CaL scheme by modifying the circulating mass 388 
flow in the cycle (by injecting or removing CO2 using the CO2 inventory storage) to respond to a 389 
load change [55,56].  390 
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Figure 9: Proposed plant diagram for better heat recovery in the power production stage (layout 2). 392 
Stream main data are shown in Appendix A.393 
 394 
Figure 10: Efficiency as a function of carbonator and turbine outlet pressure calculated using layout 2 395 
configuration (Figure 9) and for a fixed value of CaO conversion X=0.20. Dashed white lines show iso-efficiency 396 
curves. 397 
 398 
Figure 10 shows the new cycle (layout 2) efficiency with respect to pressure inferred from the 399 
simulations using the same inlet parameters as for layout 1. Higher efficiency values are 400 
achieved for layout 2 as a result of an enhanced heat recovery at the carbonator outlet. As for 401 
layout 1, a fixed value of CaO conversion is set to 𝑋= 0.2. Further improvement can be achieved 402 
by a deeper thermal optimization of the system as discussed below. 403 
 404 
4.1 Pinch-analysis 405 
This section presents a pinch-analysis [57] of the carbonator side with the goal of achieving a 406 
plant configuration showing minimum energy consumption in a wide range of operational 407 
conditions.  408 
4.1.1 Streams identification 409 
Four streams can be identified in the carbonator side as detailed in Table 2 and Figure 11. Heat 410 
transfer will be characterized by the minimum temperature approach (∆𝑇𝑚𝑖𝑛), which is set in a 411 
first approximation to 10°C. The hot CO2 stream flowing out from the turbine (which needs to 412 
be cooled) and the cold CO2 stream in the pre-heating stage are indicated as 𝐶𝑂2,𝑐 and 413 
𝐶𝑂2,𝑝respectively.  414 
 415 
Table 2: Streams identification in the carbonator side 416 
Stream Description Type 𝑻𝒊𝒏 𝑻𝒐𝒖𝒕 
1 CO2 at turbine output (𝐶𝑂2,𝑐) Hot 𝑇𝑜𝑢𝑡,𝑡𝑢𝑟𝑏𝑖𝑛𝑒 𝑇𝑎𝑚𝑏 
2 CO2 at compressor output (𝐶𝑂2,𝑝) Cold 𝑇𝑜𝑢𝑡,𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 𝑇𝑐𝑎𝑟𝑏 
3 CaO Cold 𝑇𝑎𝑚𝑏 𝑇𝑐𝑎𝑟𝑏 
4 Solids (CaCO3 + CaO) Hot 𝑇𝑐𝑎𝑟𝑏 𝑇𝑎𝑚𝑏 
 417 
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Figure 11: Identification of the streams in the carbonator side used for the pinch-analysis. 419 
 420 
The average thermal capacity 𝐹𝐶𝑝 of the streams is plotted in Figure 12 as a function of the 421 
value of the CaO conversion 𝑋 (referring to layout 1). The values are averaged between the heat 422 
exchanger input and output temperature. Exchanger HXF couples the CaO cold stream with the 423 
𝐶𝑂2,𝑐 stream at the turbine output, while a stream of solids is used to preheat the CO2,p stream. 424 
In a countercurrent heat exchange process, the best exergy performances are obtained when 425 
thermal capacities of the two streams are identical.  As can be seen in Figure 12, the exchange 426 
of heat is rather optimized for low values of 𝑋 while for high values of 𝑋 there is still room for 427 
further improvement. 428 
 429 
 430 
Figure 12: Average thermal capacity (𝐹𝐶𝑝) of the streams in the carbonator side as indicated vs CaO conversion 431 
(𝑋) for HXE and HXF heat exchangers cases.  432 
The targets are set in view of some considerations: 433 
- The cold streams should be preheated at a temperature as high as possible before flowing 434 
into the carbonator. 435 
- The heat available from the carbonator effluent streams needs to be recovered. After heat 436 
recovery, such streams should be at the lowest temperature achievable. 437 
- The lowest temperature achievable for the hot streams is ambient temperature while the 438 
target high temperature for the cold streams is the carbonator temperature. In addition, the 439 
CO2 temperature must be as low as possible at the compressor inlet in order to reduce the 440 
compression work. 441 
The analysis based on the above considerations has been done using an ambient temperature 442 
of 20°C, a carbonator temperature of 875°C and a turbine outlet temperature of 426°C which is 443 
the expected outlet temperature for a 7 to 0.2 bar expansion. The compressor output 444 
temperature has been set equal to ambient temperature in order to simplify calculations. This 445 
choice is justified by the fact that CO2 compression is performed with intercooling and 446 
temperature is brought down by the low-T heat available from the CO2 expansion. Table 3 shows 447 
the values of the stream parameters used in the calculations. A fixed value of CaO conversion 448 
(𝑋 = 0.2) has been employed. 449 
 450 
 451 
 452 
 453 
 454 
Table 3: Streams characterization for X=0.2 455 
Stream Type Fcp (kW/K) Tin (°C) Tout (°C) 𝛷 (MW) 
1 Hot 75.3 426 30 -29.82 
2 Cold 94.65 20 865 79.98 
3 Cold 65.92 20 865 55.7 
4 Hot 87.35 875 30 -73.81 
 456 
4.1.2 Composite curves 457 
Streams data are combined in the so-called ‘composite curves’, one for hot streams (defined as 458 
the streams releasing heat), one for cold streams (streams requiring heat). From the composite 459 
curves, it is possible to get information on the minimum heating and cooling requirements of 460 
the system considered. Once the minimum heating and cooling requirements are calculated, the 461 
energy targets are achieved through heat exchangers. The composite curves obtained from the 462 
pinch analysis and for fixed values of CaO conversion in the carbonator 𝑋 = 0.17, 𝑋 = 0.2 and 463 
𝑋 = 0.5 are shown in Figure 13. As can be seen, an additional external heat is needed to bring 464 
the reactants at the carbonator temperature. On the other side, the minimum cooling 465 
requirement can be interpreted as the external power that must be subtracted to the CO2c 466 
stream in order to cool it down to ambient temperature before the compression stage. Both 467 
heating and cooling requirements increase with the CaO conversion. 468 
 469 
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 472 
Figure 13: Composite curve of carbonator-side streams derived from the pinch analysis for hot streams (solid 473 
line) and cold streams (dotted line) for different values of a fixed CaO conversion X. 474 
 475 
4.1.3 Heat exchangers network. Resulting plant 476 
The heat exchangers’ network has been designed following the basic rules of pinch-analysis and 477 
including some additional technical constraints: 478 
- Coupling between the two solid streams (CaO and CaCO3) are avoided since gas-solid and gas-479 
gas exchangers show better performance and rely on more mature technologies. 480 
- Splitting of the solid streams is technologically much more difficult (although possible by means 481 
of pneumatic conveying) than splitting the gas streams. Thus, any splitting involves CO2 when 482 
possible. 483 
The final goal of the analysis is to infer a network configuration that remains valid for a wide 484 
range of operating conditions. In particular, the configuration should be able to exchange the 485 
0
200
400
600
800
1000
0 20 40 60 80 100 120 140 160
T
e
m
p
e
ra
tu
re
  
(°
C
)
Thermal power (MW)
X=0.20
0
200
400
600
800
1000
0 20 40 60 80 100
T
e
m
p
e
ra
tu
re
  
(°
C
)
Thermal power (MW)
X=0.50 
entire exchangeable heat (according to the minimum external heat requirement calculation) for 486 
any value of CaO conversion 𝑋 and for any pressure ratio imposed at the turbine (which 487 
determines the pinch-point temperature). 488 
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491 
Figure 14 shows the network configuration inferred that fulfils these requirements. This 492 
configuration provides a good flexibility by splitting the two CO2 gas streams. In this way it is 493 
possible to regulate case-by-case the mass fraction in each branch. This configuration ensures 494 
also an optimal internal heat-recovery performance, with a relatively reduced number of heat 495 
exchangers and for a broad range of changes of any of the following parameters: carbonator 496 
temperature, turbine outlet temperature (or turbine pressure ratio), ambient temperature, CO2 497 
compressor outlet temperature, CaO conversion and minimum temperature difference in the 498 
heat exchangers. The resulting plant is shown in Figure 15. 499 
 500 
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Figure 14: Minimum energy consumption network inferred from the pinch-analysis. 502 
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Figure 15: Plant configuration (carbonator-side) resulting from the pinch analysis 506 
 507 
5. Optimized CaL- power cycle integration (layout 3). 508 
According to the pinch analysis results, the proposed final plant configuration (shown in Figure 509 
16) is equipped with a solid-solid heat exchanger (HXA), four gas-solid heat exchangers (HXB, 510 
HXF, HXE, HXI) and with a gas-gas regenerator (HXG). The CO2 stream from storage (produced in 511 
the calciner side operation) and the CO2 stream coming from the power loop are mixed, flowing 512 
through a heat exchangers train (HXG and HXI) which optimize heat recovery at low 513 
temperature. On the other hand, the CO2 stream flowing out from the turbine is divided into 514 
two sub-streams through HXF and HXG to preheat the CaO stream and a fraction of CO2 entering 515 
into the carbonator respectively. In HXE, the high-temperature sensible heat from the CaCO3 516 
stream is used in the final stage of CO2 stream preheating above the pinch, which serves to 517 
maximize the gas temperature at the carbonator inlet and therefore the cycle performance. 518 
Table 4 shows a comparison of the main data according to an energy balance for each 519 
configuration. The global net efficiency increases of about 2% with respect to the base case. 520 
 521 
 522 
 523 
 524 
 525 
Table 4: Energy balance of for the three configurations 526 
  Parameter Configuration 1 
(Figure 4) 
Configuration 2 
(Figure 9)  
Configuration 3 
(Figure 16) 
  Solar thermal power (MWth) -12h- 100 100 100 
H
ea
t 
ex
ch
an
ge
rs
  
Th
er
m
al
 P
o
w
er
 
(M
W
th
) 
HXA 120.0 120.0 120.0 
HXB 23.2 23.2 23.2 
HXF 26.8 26.8 46.0 
HXG - 3.4 78.6 
HXI - - 53.7 
HXE 70.4 67.1 15.5 
Auxiliary cooler 3.9 0.6 6.9 
P
o
w
er
 o
u
tl
et
 
(M
W
e)
 
compressor calciner (storage)  7.0 7.0 7.0 
compressor carbonator (power cycle) 16.7 16.8 14.0 
Solids conveying (average) 1.8 1.8 1.8 
P
o
w
er
 
in
le
t 
(M
W
e)
 
turbine (storage) 1.2 1.2 2.2 
main turbine (power cycle) 38.6 38.8 37.3 
  Global net efficiency  0.356 0.358 0.403 
 527 
Concerning the storage capacity, the volumetric energy density is usually expressed as the ratio 528 
between the stored thermal energy and the reactant storage volume [22]. The amount of solid 529 
stored material is highly influenced by the CaO conversion (X). By considering all the tanks in the 530 
plant, for the base case of the optimized cycle (figure 16), assuming X=0.2, vessels volumes 531 
needed are 989.6 m3, 633.7 m3 and 1227 m3 for CaO, CO2 and solids (CaO+CaCO3) respectively. 532 
On the other hand, thermal energy production during the night from the storage reaches 2124 533 
GJ, which implies a global energy storage density of 1.26 GJ/m3, still being higher than in the 534 
case of molten salts (0.5 GJ/m3) [58]. Considering power production from the storage stage, 535 
from the CaL cycle is possible to store 170.53 kWhe/m3. In addition to the chemical storage heat, 536 
the sensible heat stored in the reaction by-products is also usable.  537 
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Figure 16: Plant diagram of the highest efficiency integration layout for Thermochemical Energy Storage in a CSP plant using the CaL process (layout 3). 539 
Stream main data are shown in Appendix A. 540 
The results obtained from the model for the optimized plant configuration (Figure 16) have been 541 
analyzed as a function of CaO conversion (𝑋), pressure ratio (𝑃𝑅) in the power cycle, absolute 542 
carbonator pressure (𝑃𝑐𝑎𝑟𝑏) and carbonator temperature (𝑇𝑐𝑎𝑟𝑏), which have been found as 543 
the critical operational parameters. Several tests have been carried out to compare the cycle 544 
efficiency with the results from the previous layouts (layout 1 in Figure 4 and layout 2 in Figure 545 
9). For this purpose, the same model conditions (detailed in  546 
 547 
 548 
 549 
 550 
 551 
 552 
Table 1) were used for the three layouts. 553 
Figure 17 shows a comparison of the efficiency curves obtained for the three proposed 554 
configurations as a function of CaO conversion. As can be seen, the enhancement of heat 555 
recovery derived from the pinch analysis yields a relevant increase of the cycle performance 556 
(layout 3 configuration), which is improved as CaO conversion is increased. For layouts 1 and 2 557 
the best performance is provided by very high values of the pressure ratio, by CaO conversions 558 
close to 0.2 and with overexpansion in the gas turbine.  In layout 3 an optimum performance is 559 
obtained also for much smaller pressure-ratios and both atmospheric turbine outlet pressure 560 
(as may be seen in Figure 18) or atmospheric carbonator (Figure 17). Considering that rather 561 
high CaO conversion is foreseen to be achievable with high-T and high CO2 partial pressure 562 
carbonation, efficiency values close to the maximum are expected to be reached.  563 
 564 
Figure 17: Efficiency curves obtained for the diverse layout configurations described in the present work at 565 
the optimum pressure ratio. Solid lines are derived by including energy consumption due to solids conveying. 566 
 567 
 568 
Figure 18: Contour plot of efficiency vs carbonator and turbine outlet pressure including energy consumption 569 
for solids conveying. Black lines: constant pressure ratio. Dashed white lines: iso-efficiency curves. A fixed value 570 
of CaO conversion X=0.50 is used. 571 
 572 
6. Conclusions 573 
In this work, several schemes for Thermochemical Energy Storage (TCES) of Concentrated Solar 574 
Power (CSP) using the Calcium Looping (CaL) process have been analyzed. High values of global 575 
efficiency are achievable by working at high pressure ratios according to layouts 1 and 2 based 576 
on a closed CO2 Brayton cycle. High values of the carbonator to turbine outlet pressure ratio are 577 
preferably attained by over-expanding up to pressures below 1 atm in order to keep the 578 
carbonator absolute pressure at reasonable values (normally not exceeding 15 bar). Moreover, 579 
operation under a high carbonator pressure allows to raise the carbonation temperature 580 
(according to the reaction equilibrium), which leads consequently to higher efficiencies. In these 581 
layouts (1 and 2) higher global integration efficiencies are obtained with CaO conversions (X) 582 
close to 0.2. Results from TGA experiments at realistic CSP-CaL conditions reported elsewhere 583 
show that conversion of CaO derived from either natural limestone or dolomite could reach 584 
residual values even higher. In layout 3, derived from a pinch-analysis thermal optimization, 585 
larger performances are predicted using much lower ratios of carbonator to turbine outlet 586 
pressures, with a predicted power production efficiency up to 44-46% for X=0.5 and showing an 587 
increasing trend with CaO conversion.  588 
 589 
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Notation 595 
𝑐𝑝,𝑖 specific heat, kJ/(kmol·K) HXI gas-solid heat exchanger 
𝐸 fraction of CO2 spent in the reaction ?̇?𝐶𝑂2,𝑐𝑟𝑏 CO2 mass flow rate through carbonator 
𝐹𝑖 molar flow rate of component i, kmol/s 𝑃𝑐𝑎𝑟𝑏 absolute carbonator pressure, bar 
𝐹𝐶𝑎𝐶𝑂3 CaCO3 molar flow rate  𝑃𝑒𝑞 CO2 partial pressure at equilibrium, bar 
𝐹𝐶𝑎𝐶𝑂3,𝑐𝑎𝑟𝑏 CaCO3 molar flow rate (calciner side) 𝑃𝑅 pressure ratio  
𝐹𝐶𝑎𝐶𝑂3,𝑐𝑙𝑐 CaCO3 molar flow rate (carbonator side) 𝑝𝑑𝑟𝑜𝑝 pressure drops of CO2, bar 
𝐹𝐶𝑎𝑂,𝑐𝑟𝑏 molar flow rate of CaO  𝑦𝐶𝑂2,𝑐𝑎𝑟𝑏,𝑖𝑛 inlet molar fraction of CO2 in the carbonator 
𝐹𝐶𝑎𝑂,𝑐𝑙𝑐 mole of regenerated sorbent 𝑦𝑒𝑞  equilibrium fraction of CO2 in the carbonator 
𝐹𝐶𝑎𝑂,𝑛𝑟,𝑐𝑎𝑟𝑏 
molar flow rate of unreacted CaO 
(carbonator side) 
𝑇 Temperature, °C 
𝐹𝐶𝑎𝑂,𝑛𝑟,𝑐𝑙𝑐  
molar flow rate of unreacted CaO 
(calciner side) 
𝑇𝑐𝑙𝑐 Calciner temperature, °C 
𝐹𝐶𝑂2,𝑐𝑙𝑐,𝑜𝑢𝑡  CO2 molar flow rate at calciner outlet 𝑇𝑐𝑎𝑟𝑏 Carbonator temperature, °C 
𝐹𝐶𝑂2,𝑛𝑟 
Non reacted CO2 molar flow in the 
carbonator  
𝜈𝑖  Stoichiometric coefficient of compound 𝑖. 
𝐹𝑅,𝑐𝑎𝑟𝑏 
recirculating molar flow rate (carbonator 
side) 
?̇? Mechanical power, kW 
𝐹𝑅,𝑐𝑙𝑐  
recirculating molar flow rate (calciner 
side) 
𝑋 average CaO conversion  
𝐹𝐶𝑂2,𝑠𝑡𝑜𝑖𝑐ℎ  Stoichiometric CO2 molar flow ∆𝑡𝑠𝑢𝑛 average daytime period (h) 
ℎ𝑖 Enthalpy, kJ/kmol ∆𝐻𝑅(𝑇𝑟𝑒𝑎𝑐𝑡) 
reaction enthalpy at the reactor 
temperature, kJ/mol 
HXA solid-solid heat exchanger  ∆𝐻𝑅
0 standard enthalpy of reaction, kJ/mol 
HXB gas-solid heat exchanger 𝜉 extent of reaction per unit time 
HXE gas-solid heat exchanger 𝛷 Thermal power, KW 
HXF gas-solid heat exchanger 𝛷𝑑𝑖𝑠𝑝 Dissipated heat of carbonation, kW 
HXG gas-gas heat exchanger   
 596 
Appendix A. Main stream data for the base case of each CSP-CaL configuration 597 
Table 5: Main stream data for the base case of each CSP-CaL configuration 598 
stream 
ID 
Configuration 1  
(Figure 4) - PR=30, X=0.2 
Configuration 2  
(Figure 9) - PR=30, X=0.2 
Configuration 3 
(Figure 16) - PR=3.2, X=0.2 
 𝑃 (𝑏𝑎𝑟) 𝑇 (º𝐶) 𝑚 ̇ (𝑘𝑔/𝑠) 𝑃(𝑏𝑎𝑟) 𝑇 (º𝐶) ?̇? (𝑘𝑔/𝑠) 𝑃 (𝑏𝑎𝑟) 𝑇 (º𝐶) ?̇? (𝑘𝑔/𝑠) 
s1 1.01 875 88.5 1.01 875 88.5 1.01 875 88.5 
s2 1.01 68 88.5 1.01 110 88.5 1.01 708.8 88.5 
s3 1.01 20 177.0 1.01 20 177.0 1.01 83.0 88.5 
s4 1.01 20 146.3 1.01 20 146.3 1.01 20 177.1 
s5 1.01 20 30.7 1.01 20 30.7 1.01 20 146.3 
s6 1.01 802.9 30.7 1.01 802.9 30.7 1.01 20 30.7 
s7 1.01 863 146.3 1.01 863 146.3 1.01 802.9 30.7 
s8 1.01 852.6 177.0 1.01 852.6 177.0 1.01 863 146.3 
s9 - - - - - - 1.01 852.6 177.1 
c1 1.01 900 153.0 1.01 900 153.0 1.01 900 153.0 
c2 1.01 40 153.0 1.01 40 153.0 1.01 40 153.0 
c3 1.01 20 76.5 1.01 20 76.6 1.01 20 76.5 
c4 1.01 427.2 76.5 1.01 427.2 76.6 1.01 693.9 76.5 
g1 1.01 900 24.0 1.01 900 24.0 1.01 900 24.0 
g2 1.01 35 24.0 1.01 35 24.0 1.01 35 24.0 
g3 75 40 24.0 75 40 24.0 75 40 24.0 
g4 75 20 12.0 75 20 12.0 75 20 12.0 
g5 6 10.8 12.0 6 10.8 12.0 1 -1.3 12.0 
g6 6 53 85.8 6 53 85.8 1 56.5 191.3 
g7 6 795.6 85.8 6 53 9.0 1 56.5 113.6 
g8 6 875 73.8 6 53 76.7 1 56.5 77.7 
g9 0.2 442.2 73.8 6 427.2 9.0 1 693.8 113.6 
g10 0.2 90.1 73.8 6 796 85.8 1 693.8 77.7 
g11 0.2 30 73.8 6 875 73.8 1 693.8 191.3 
g12 6 59.6 73.8 0.2 442.2 73.8 1 759.7 191.3 
g13 - - - 0.2 442.2 8.9 1 875 179.3 
g14 - - - 0.2 442.2 64.9 0.313 708.9 179.3 
g15 - - - 0.2 35 64.9 0.313 708.9 115.1 
g16 - - - 0.2 68 8.9 0.313 49.9 64.2 
g17 - - - 0.2 30 73.8 0.313 87.1 115.1 
g18 - - - 6 59.61 73.8 0.313 30 179.3 
g19 - - - - - - 1 60.2 179.3 
 599 
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[17] Zalba B, Marıń JM, Cabeza LF, Mehling H. Review on thermal energy storage with phase 646 
change: materials, heat transfer analysis and applications. vol. 23. 2003. 647 
doi:10.1016/S1359-4311(02)00192-8. 648 
[18] Tian Y, Zhao CY. A review of solar collectors and thermal energy storage in solar thermal 649 
applications. Appl Energy 2013;104:538–53. doi:10.1016/j.apenergy.2012.11.051. 650 
[19] Nithyanandam K, Pitchumani R. Design of a latent thermal energy storage system with 651 
embedded heat pipes. Appl Energy 2014;126:266–80. 652 
doi:10.1016/j.apenergy.2014.03.025. 653 
[20] Nithyanandam K, Pitchumani R. Cost and performance analysis of concentrating solar 654 
power systems with integrated latent thermal energy storage. Energy 2014;64:793–655 
810. doi:10.1016/j.energy.2013.10.095. 656 
[21] Sharma A, Tyagi VV, Chen CR, Buddhi D. Review on thermal energy storage with phase 657 
change materials and applications. Renew Sustain Energy Rev 2009;13:318–45. 658 
doi:10.1016/j.rser.2007.10.005. 659 
[22] Pardo P, Deydier  a., Anxionnaz-Minvielle Z, Rougé S, Cabassud M, Cognet P. A review 660 
on high temperature thermochemical heat energy storage. Renew Sustain Energy Rev 661 
2014;32:591–610. doi:10.1016/j.rser.2013.12.014. 662 
[23] Li TX, Wu S, Yan T, Xu JX, Wang RZ. A novel solid–gas thermochemical multilevel 663 
sorption thermal battery for cascaded solar thermal energy storage. Appl Energy 664 
2016;161:1–10. doi:10.1016/j.apenergy.2015.09.084. 665 
[24] Chacartegui R, Alovisio A, Ortiz C, Valverde JM, Verda V, Becerra JA. Thermochemical 666 
energy storage of concentrated solar power by integration of the calcium looping 667 
process and a CO2 power cycle. Appl Energy 2016;173:589–605. 668 
doi:10.1016/j.apenergy.2016.04.053. 669 
[25] Neveu P, Tescari S, Aussel D, Mazet N. Combined constructal and exergy optimization of 670 
thermochemical reactors for high temperature heat storage. Energy Convers Manag 671 
2013;71:186–98. doi:10.1016/j.enconman.2013.03.035. 672 
[26] N’Tsoukpoe KE, Liu H, Le Pierrès N, Luo L. A review on long-term sorption solar energy 673 
storage. Renew Sustain Energy Rev 2009;13:2385–96. doi:10.1016/j.rser.2009.05.008. 674 
[27] Wentworth WE, Chen E. Simple Thermal Decomposition Reactions for Storage of Solar 675 
Thermal Energy. Sol Energy 1976;18:205–14. doi:10.1016/0038-092X(76)90019-0. 676 
[28] Barker R. The reactivity of calcium oxide towards carbon dioxide and its use for energy 677 
storage. J Appl Chem Biotechnol 1974;24:221–7. doi:10.1002/jctb.2720240405. 678 
[29] Abedin A, Rosen M. A Critical Review of Thermochemical Energy Storage Systems. Open 679 
Renew Energy J n.d.:42–6. doi:10.2174/1876387101004010042. 680 
[30] Edwards SEB, Materić V. Calcium looping in solar power generation plants. Sol Energy 681 
2012;86:2494–503. doi:10.1016/j.solener.2012.05.019. 682 
[31] Sakellariou KG, Karagiannakis G, Criado YA, Konstandopoulos AG. Calcium oxide based 683 
materials for thermochemical heat storage in concentrated solar power plants. Sol 684 
Energy 2015;122:215–30. doi:10.1016/j.solener.2015.08.011. 685 
[32] Dunsmore HE. A geological perspective on global warming and the possibility of carbon 686 
dioxide removal as calcium carbonate mineral. Energy Convers Manag 1992;33:565–72. 687 
doi:10.1016/0196-8904(92)90057-4. 688 
[33] Ortiz C, Chacartegui R, Valverde J, Becerra J, Perez-Maqueda L. A new model of the 689 
carbonator reactor in the calcium looping technology for post-combustion CO2 capture. 690 
FUEL 2015;160:328–38. doi:10.1016/j.fuel.2015.07.095. 691 
[34] Ylätalo J, Parkkinen J, Ritvanen J, Tynjälä T, Hyppänen T. Modeling of the oxy-692 
combustion calciner in the post-combustion calcium looping process. Fuel 693 
2013;113:770–9. doi:10.1016/j.fuel.2012.11.041. 694 
[35] Sanchez-Jimenez PE, Valverde JM, Perez-Maqueda L. Multicyclic conversion of 695 
limestone at Ca-looping conditions: The role of solid-sate diffusion controlled 696 
carbonation. Fuel 2014;127:131–40. doi:10.1016/j.fuel.2013.09.064. 697 
[36] Valverde JM. Relevant Influence of Limestone Crystallinity on CO2 Capture in The Ca-698 
Looping Technology at Realistic Calcination Conditions 2014. 699 
[37] Valverde JM, Sanchez-Jimenez PE, Perez-Maqueda L. Calcium-looping for post-700 
combustion CO2 capture. On the adverse effect of sorbent regeneration under CO2. 701 
Appl Energy 2014;126:161–71. doi:10.1016/j.apenergy.2014.03.081. 702 
[38] Sarrion B, Valverde JM, Perejon A, Perez-maqueda LA, Sanchez-jimenez PE. On the 703 
multicycle activity of natural limestone/dolomite for cheap, efficient and non-toxic 704 
Thermochemical Energy Storage of Concentrated Solar Power. Energy Technol 2016. 705 
doi:10.1002/ente.201600068. 706 
[39] Tregambi C, Montagnaro F, Salatino P, Solimene R. A model of integrated calcium 707 
looping for CO2 capture and concentrated solar power. Sol Energy 2015;120:208–20. 708 
doi:10.1016/j.solener.2015.07.017. 709 
[40] Zhai R, Li C, Qi J, Yang Y. Thermodynamic analysis of CO2 capture by calcium looping 710 
process driven by coal and concentrated solar power. Energy Convers Manag 711 
2016;117:251–63. doi:10.1016/j.enconman.2016.03.022. 712 
[41] Muñoz-Antón J, Rubbia C, Rovira A, Martínez-Val JM. Performance study of solar power 713 
plants with CO2 as working fluid. A promising design window. Energy Convers Manag 714 
2015;92:36–46. doi:10.1016/j.enconman.2014.12.030. 715 
[42] Barin I. Thermochemical data of pure substances VCH, Weinheim (1989) 1989. 716 
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